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2. Iatroduction 

/ 
-__j rlption of thy rximting d p r o w  implewntationr 8re provided. "\ I' 

fbe architecture of a telerobot i m  rrquirrd to rupport 8utonomum 8nd t e l W W t 8 t d  
rctfvitirn in a u n n e r  demi~ned to obtain the maximum synergy of function between robotic- 
rnd telcoprrtion. The JPL telerobot implewntm much a mymtem for 8ppliCatiOM inVOlV*g 
vrrioum servicing and repair opmrmtionm in mpace. 

The u c h i t u t u r e  proposd for the JPL telerobot decomposer the function8lity of ryrtrl 
oprrrtionm into three hier8rchicrl l eve lm.  For the autonowum component of the 8rChiteCtIUe. 
t h e w  levelm conmimt of the 18-k Plannina L& 8t the top of the hier8rchy. followed by the 
Procew-la we& at the intrrrrdi8te lrvel. and the Actu8tion 8nd Sensor Level 8t the bottom of 
the hierarchy. trch of theme l e v e l m  is demigned to oprrate robumtly by uming l 0 ~ 8 l  fdb.clr 
t o  detect urd recover from local errorm. 

fbe T8mk Planning level i m  concerned with the overall context of the tank. including globrl 
plaaniop. over811 execution monitoring and t8mk replanning. The bamim for the decimion UlrLng 
ir the Task Sequence Logic vith relmtively little incorporation of Tamk Domain Physicm. Am a 
-UIIIU. activity timing 8t this level i m  driven by tomk mcheduling requirements, and the 
dmeirim u k i n g  wthodr umed are predominantly myibolic and not nuwric. In the JPL telerobot 
the functionm at this l e v e l  are ~ c h a n l z e d  by an Artificial Intelligence Planner mubayrtrm 
(AIP) with the logical planning of 8 Hodule mvap-out mequencr being 8 represent8tive exawh 
of internal mubryrtem activity. 

me R o c e m s  Level ir concerned with the plrnning. execution and ranitoring of rubtamkm much 
m a  gramping objectm. object 8Welbly etc. Activitiem at this level require only a local 
rubtrmk context withln which varioum mensor and 8ctu8tion mubsymterm are commanded and 
a r d i M t d  to 8ccomplimh a given mubtask. Ikcimion making at thim level h8m to be CognlZ8nt 
of the phymicm and geoutry of the t8mk dOm8in and the occurrence of varioum run-time 
phyricrl events in the telrrobot and itm enviroernt. k i m i o n  Irking is ch8r8cterized b~ a 
hybrid of mymbolic 8nd numeric processing with mctivity taming determined by the event l i n e  
of phymic8l m e n d  eventm. HUhaniZ8tiOn 8t this level i m  provided by 8 Run-Tim C o n t r o l  
rubrymtem (RTC) vhich perforu the various trajectory determinrtionm. reflex mpecificrtioar 
etc. for rubt8rkm much a m  gramp centering 8nd mctivation. prrtm mating etc. 

The ~ u l t i o n  and Senror Level servem to provide the brric mrnipulrtion -nd mecamor 
CSprbilitiU of the robot. The activity at this level ir intiutely tied to the phymicm of 
the domain but no tamk context i m  required. Activity occurs in continuour time (pr8CtiC8llY 
rm8liZed by high rate mervo urpling) ond is predominantly nuwric in n8ture. Function* 8t 
thim lue l  ore -hanlzed by the Hmnipulrtion 8nd Control HeChaniZ8tiOn submymter (HCU) .ad 
the Snming 8nd Perception subrymter fSW) vith complimnt -tion execution or object trmcking 
conmtituting reprementatlve SX8lplem of sutsystem activity. 

- s i m i l u  levelm may be identified with the Human Oprr8tor. with High Level cognitive Md 
planning functionm at the top of the hier8rchy. m t o r  skill coordination rt the interudimte 
1eVe1 8nd -umcul8r and senmory s y s t ~ n s  8t the lowest level. 

Coordin8tion between the 8utonowum levelm of the hier8rchy 86d the Human Operrtor is 
provided by three rthodm. At the lowemt l e v e l  coordination i m  en8bled by providing the  
W t a t O r  with thr ability to directly interface with the robot 8rm and senmors via f- 
reflrcting joymticks 8nd mtereo c a y r a  mymter. At the top of the hirrarchy the toardinrtion 
ir provided via interactive tark planning activity brtveen the Task Planner 8nd the Oprratot. 
A t  the interwdiate level the coordinrtion i m  8chieved vi8 8 ~ech8nisr known a m  Traded/Sh8rrd 
control d-rim further b l o w .  

Traded control refers to the mituation where the Ovrator relinquimhrm control over procrrr 
l e v e l  opmrmtionm for certain m q w n t m  of the t8mk mequenw execution while retaining it for 
othrrm. The tranmition between the opermtor controlled segment. and autonolour p r m -  
controlled mrgwnts i m  8chieved Vi8 a 'h8nd-off' protocol thrt rnsures th8t inforution abuut 
the world state i m  correctly com-unic8ted botween the operator 8nd the mchinr. 
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S h 8 r d  c o n t r o l  referr t o  t h e  r i t u r t i o n  w h e r r  t h e  O p e r a t o r  and t h e  8 u t o n o m u r  p r o g r a m  
j o i n t l y  prrticipatr i n  d e c i r i o n  u k i n g  a t  t h e  p r o c e r r  l e v e l .  The c o n t r i b u t i o n  of t h r  
a u t o n o l o u r  prograu c o u l d  be p a r r i v e  i n  n a t u r e  a m  i n  t h e  f o r m  of m o n i t o r i n g  oprrator actioar. 
e.0.. e n r u r i n g  t h a t  j o y r t i c k  a c t i o n r  r i l l  not  l e 8 d  t o  p o u i b l r  c o l l i r i o n  v i t h  t h r  
e n v i r o n w n t .  The pmrticipation may 8 h 0  k much mrr a c t i v r  v i t h  t h e  a u t o n o m u r  p rograu  
O C t u a l i y  c o n t r i b u t i n g  t o  t h e -  m a n i p u l a t i o n  of o b j e c t r  i n  t h e  e n v i r o n w n t .  e.0.. l e t t i n g  t h e  
Operator control tbe rrirt of t h e  robot u m  w h i l e  t h e  autononourn programr  c o n t r o l  itr g l o b a l  
p o r l t i o n i n g .  

The o v e r a l l  r t r u c t u r e  of much a myrtrm a r c h i t e c t u r e  ir d e p i c t &  i n  F i g u r e  1. 

3. Run-Tiw Control A r c h i t e c t u r r  R e q u i r r w a t r  a n d  C o n m t r a i n t r  

W e  now focur 00 t h e  a r c h i t e c t u r e  for t h e  Run-Tiw c o n t r o l l e r .  The  f u n c t i o n r  of thir 
a r c h i t e c t u r r  are to: 

1) I e e h a n i z e  P r o c r r r  L e v r l  Opera t ion r  
2) P e r m i t  Ian-machine  C o o r d i n a t i o n  

The rpecific d e r i g n  of t h i r  a r c h i t e c t u r e  ir i n f l u r n c e d  by  t h e  c o n t r x t  w i t h i n  w h i c h  t h e  
telerobot oprater ,  t h e  d e t a i l r  of which are d e r c r l b d  b e l o w :  

1) Ian-in-Loop 

T h i r  f e a t u r e  ham t h e  m o r t  r i g n i f i c a n t  impact  on t h e  d r r i g n  of a n  RTC a r c h i t u t u r e .  The 
e x i r t e n c r  of t h e  c a p a b i l i t y  of t e l e o p r r a t i o n  i m p l i e s  t h 8 t  t h e  a u t o n o m u r  c a p a b i l i t i r r  Of t h e  
a u t o n o m u r  RTC a r c h i t e c t u r e  nerd  n o t  br complrte. I t  ir  r u f f i c i e n t  t o  h a v e  a n  .rChitm=tUre 
t h a t  ir c r p a b l r  of p r r f o r m i n g  a u t o n o m u r l y  for  a r e 8 r o n a b l y  h i g h  p r c r n t a g e  of t h e  t i W r  t h e  
t a r k  ir r r q u i r r d .  S i n c e  mort c o m p u t a t i o n a l  81gOri th .P  t o  p l a n  and mechanize  r i m p l e  p h y r i c a l  
r u b t a r k r  much am grarpr  etc. m r e  e x p o n e n t i a l l y  h a r d  to  p r r f o r m ,  t h i r  f e a t u r e  of t h e  
a r c h i t r c t u r r  r n a b l n  r l g o r i t h u  t o  b e  rrlectrd b8red on  t h e i r  l i k e l i h o o d  O f  r U C C e r r f U l  
p e r f  o r u n c e .  

The a r c h i t e c t u r e  ir r l r o  r r q u i r e d  t o  f u n c t i o n a l l y  i n t e r f a c e  to  b o t h  t h e  Oprrator a n d  t h e  
AIP p l a n n r r .  T h i r  i m p l i e r  t h a t  a n  I n t r r p r r t r r  r t y l e  command l r n g u a g r  i r  r r q u i r e d  t o  e M b h  
t h r  humrn t o  r f f u t i v e l y  communicate w i t h  t h e  ryr t rm.  The  Oprrator m u r t  a100 be able t o  
i n t r r a c t  w i t h  t h e  m p t e m  i n  a manner t h a t  d o e r  n o t  i n v o l v e  a knowledge of t h e  d e t a i l r d  
i m p l r w n t r t i o n  and c o m p u t a t i o n a l  a r p e c t r  of t h e  myatem. T h i r  r e q u i r e m e n t  ir u r u a l l y  t rkm t o  
w a n  t h e  i m p l e w n t a t i o n  of a Tark  O r i e n t e d  Languagr  v h r r r  a c t i o n r  a r r  i m p l i c i t l y  m p c i f i d  i n  
t r r m r  of t h r  r r q u l r e d  tamk. Thlm concept  ir i m p l r r n t r d  i n  t h e  RTC v i a  a T a r k  Conmnd 
Languagr  a u g w n t e d  by a c o n r t r a i n t  .-if i c a t i o n  rchemr. Thr c o n r t r a i n t  mpecif icati-  
l a n g u a g r  n o t  o n l y  a l l o v r  t h r  o p e r a t o r  (or  t h e  AIP) t o  d e r i g n a t r  t h e  r e q u i r e d  p h y r i c a l  tar*. 
b u t  81.0 allowr t h e  r p e c i f i c a t i o n  of a rrt of c o n r t r a i n t m  t h a t  are to  b e  main t8 ined  by t h e  
a u t o n o m u r  r y r t e m  d u r i n g  t h e  e x r c u t i o n  of much 8 tank.  The a u t o n o w u r  r y r t e m  t h e n  d e t e r m i n u  
t h e  a p p r o p r i a t e  a c t i o n r  t o  e x e c u t e  t h e  t a a k  and a l r o  r r t i r f y  t h e  c o n r t r a i n t r .  A ra-ple 
of t h r  RTC command d i c t i o n a r y  ir rhown i n  F i g u r e  2. T h r  oprr8tor i r  8l.o r e q U l r d  t o  
i n t e r a c t  v i t h  t h e  mTrtrm i n  a a h 8 r r d  m d e  of o p e r a t i o n  a m  d r r c r i b r d  earlier. Thr C O n r t r ~ i n t 8  
r p u i f i c a t i o n  command 1angu8gr  r l l o r r  a n a t u r a l  and r a r y  e x t r n r i o n  t o  p e r m i t  t h e  
r p u i f i c a t i o n  of r h 8 r e d  c o n t r o l  a c t i v i t y .  

2)  S p u i a l i z r d  Environmrnt  

Thr  telerobot ir r r q u i r c d  t o  o p e r a t r  i n  a rpmce envi ronment  p e r f o r m i n g  talk- m u c h  U 

ratellit* r e p a i r .  r t r u c t u r e  8r8embly rtc. The r p r c i a l i z e d  n a t u r e  of t h r  tamkm l m p l i c r  t h a t  
r t a i r d a r d  f m c t o r y  a u t o m a t i o n  paradigmr  arr  i n 8 p p l i C 8 b h .  F u r t h e r .  u n l i k e  a h i g h l y  ChanpinQ 
m a n u f a c t u r i n g  rnvironment .  t h e  r p a c r  a p p l i c a t i o n  rnvi ronment  dorm h8Ve a r U b 8 t 8 n t i l l  body of 
o f f - l i n e  knowlrdgr  a v a i l a b l e  i n  t h r  f o r m  of a c t u a l  a r t r o n a u t  e x p e r l e n c e .  ea r th  rfmUl.tOr* 
rtc. Thr  e x i r t r n c r  of t h i r  knowlrdgr  i n d i c a t e r  t h 8 t  8 c r i p t  b a r e d  t e c h n i q u r r  arr  f r r r i b l r  f o r  
d u i r i o n  making. b w a u n e  t h e y  p r r m i t  t h r  t r a n r f e r  of t h e  a v a i l a b l e  knowledge t o  t h e  rymtr- 
w i t h  t h e  learnt r f f o r t .  O f  ccurme. a m  t h e  telrrobot t a k r r  o v e r  mre autonomum f u n c t i o n r .  t h e  
r c r i p t r  c o u l d  k r e p l a c e d  w i t h  moduler  c a p a b l r  of r r a r o n l n g  and g e n e r a t i n g  t h e i r  own 
a c t i v i t y .  

The o t h r r  cozut r . in t  of t h e  rpecializrd e n v i r o n w n t  ir t h r  p r r r p k t i v r  r h a p e d  by t M  
fact  t h a t  t h e  Run-Timr C o n t r o l l e r  v i 1 1  r v e n t u a l l y  f o r m  p a r t  of a n  Embrdded rymtem i m p l e - t d  
i n  rprce q d a l i f i a b l e  h a r d w 8 r e / r o f t v a r e .  A l r o .  r i n c r  t h e  c o n t r o l l e r  ir p a r t  of an rnd-to-end 
tr lrrobot ryr tem.  r r q u l r r n n t m  of o v e r a l l  r y r t e m  d r r i g n  a f f ec t  t h e  d r r i p n  of t h e  l O C 8 l  
r u b r y r t e m  8 r c h i t u t u r e .  Y h l l r  t h r r r  c o n r t r a i n t r  a r r  n o t  r i g i d  mince t h e  first 
i m p l e w n t a t i o n r  of t h e  JPL telerobot arr  n r c e r r a r i l y  ground b a r r d  r e r e a r c h  prototype*.  t h e  
r e c l U i r e W n t r  for  8n r v o l u t i o n r r y  g r o v t h  i n  t h r  myatem r r q u i r r  t h a t  t h n e  facto- br 
c o n m i d r r r d  v h i l e  d n i g n i n g  and b u i l d i n g  t h r  b a r e l i n e  a r c h i t e e t u r r .  

3) P a r a l l r l  A c t i v i t y  T r a c k r  

A r r q u i t e w n t  of t h e  telerobot a r c h i t e c t u r e  ir t h r  a a n r g r w n t  of p a r a l l e l  t a r k  * X e C U t i O E  
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and t h e  rim8lt.nmUr u s e  Of many phyric.1 r e r o u r c e r  8 V 8 i h b h  t o  t h e  r e t .  P h l r i c r l  
r e r o u r c e r  conmirt of v a r i o u r  manipul8 t ion  remourcem much a r  robot a r u .  e n d  effutorr. -bile 
p h t f o r u  etc.. or v a r i o u r  rmror r e m o u r m .  Each of t h e w  remource  could  k rctir, 
r i ~ U l t a n e O U d T  am i n  t h e  example  of d u 8 l  arm i n d e p e n d e n t  or c o o r d i n a t e d  u t i o n r .  Tk 
a r c h i t u t u r e  mur t  k e m b d d e d  w i t h  a p p r o p r i a t e  r e m u r e -  logic to e n s u r e  t h a t  remourcm 
c o n f l i c t =  d o  n o t  o c c u r  when r i m u l t a n e o u r  a c t i v i t y  t r a c k r  are i n  p r o g r e r r .  Fur ther .  t h r  error 
d r t u t i o n  8od r u o v r r y  for e a c h  of t h e r e  i n d e p e n d e n t l y  c o n t r o l l e d  re- mur t  M 
c o o r d i n a t e d .  

4 )  C o m p u t a t i o o r l  B o t t l e n u k r  

Computa t iona l  r-urcem mart m l r o  be u n r g e d .  n o r t  roboticr 8 l g O r i t h U  u, 
c o m p u t 8 t i o n 8 l l y  v e r y  i n t e n r i v e .  f a r  o u t r t r i p p i n g  t h e  c a p a b i l i t i e r  of uniproc- u c h i n u .  
C o n c u r r e n t  p r o c e r r i n g  i n  a d i r t r i b u t e d  m u l t i p r o c e r r o r  e n v i r o n r m t  ir n r c e r r i t a t e d .  m d  thw 
r y r t r m  r h o u l d  t h e r e f o r e  be c 8 p a b l e  of per forming  t h e  dynamic c o m p u t a t i o n  t u k  allocatiolr 
n u e m r a r y  to o p t i m a l l y  use t h e  a v a i l m b l e  c o m p u t a t i o n a l  r m u r c e r  a v a i l a b l e  t o  the myrtem. 

I n  t h e  UTC. t h e  c o m p u t 8 t i o n a l  prr8digm t h a t  h a m  bean a d o p t e d  ir t h e  r r u g r  prrriog 
m u l t i p r o c e r r i n g  ryr tem.  

5 )  R o b u r t  O p e r a t i o n r  

R o b u r t  o p e r a t i o n r  a t  t h e  any l e v e l  of t h e  h i e r a r c h y  r q u i r e  t h e  i a p l . c m t 8 t i o n  af 
f e d b a c k .  where t h e  a c t u a l  p r o g r e s r  of a r u b t 8 s k  e x e c u t i o n  i n  t h e  v o r l d  X r  w n i t o r m  to  g U i &  
f u r t h e r  8ctioar. A t  t h e  r e n r o r  8nd r e r v o  l e v e l .  t h i r  f d b r c k  is i m p l e w n t d  v i a  V r r i O W  

c o n t r o l  r y r t n  r c h e w r  d e r i g n e d  t o  oper8te v i t h  8 c o n t i n u o u r  p h y s i c a l  world. The RTC. on the 
o t h e r  hand. i m p l e w n t r  a feedb8ck rcheme t h 8 t  operater i n  e v e n t  r p a c e .  A more d e t 8 i l . d  
d e r c r i p t i o n  of 8 n  e v e n t  r p 8 c e  f o r m u h t i o n  of t h e  RTC d u i r i o n  u k i n g  ir g i v e n  i n  t h e  n e x t  
rut  ion .  

4. E v e n t  Control 

The  n o t i o n  of e v e n t  r p a c e  8nd e v e n t  c o n t r o l  is i n t i m a t e l y  c o n n e c t e d  with t h e  ti- 
h o r i z o n  of t h e  r u b r y r t e m  of i n t e r e r t .  I t  c a n  be a r g u e d  t h 8 t  r e a c t i o n  tiu for 8 r u b y r t e m  a t  
a n y  l e v e l  of t h e  h i e r a r c h y  r h o u l d  be r u f f i c i e n t  t o  react t o  a p o r r i b l e  wor ld  ch8nge t h a t  fr, 
r e l e v a n t  t o  t h e  goal comm8nded t o  t h 8 t  l e v e l .  T h e r e f o r e  for  8ny rubryrtem. itr tiw horizop 
mhould be comparable w i t h  t h e  t i m e  c o n r t a n t  o f  t h e  c o n t r o l  p r o c e r r e r  a t  t h a t  l e v e l .  Whi le  the 
p r u i r e  d e t e r m i n a t i o n  of a p p r o p r i a t e  t i m e  h o r i z o n r  murt n u e r r 8 r i l y  be 8d-hoc. it 
n r v e r t h e l e s r  8 1 l O W r  t h e  d e f i n i t i o n  of a h i e r a r c h i c 8 1  c o n t r o l  r c h e w ,  where 8 h i g h e r  l e v e l  
rrlier o n  t h e  l o v e r  r u b r y r t e m  for t h e  e x u u t i o n  of comm8ndr a s s O c i 8 t e d  with r-811 ti9 
c o n r t m n t r .  

A h i e r 8 r c h y  i n  t h e  c h a i n  of comm8nd ir n a t u r a l l y  c o u p l e d  w i t h  a h i e r 8 r c h y  i n  t!W 
p r o c e r r i n g  of s e n r o r y  i n f o r m a t i o n  81) w e l l  t l l .  T h i r  l e a d r  t o  an i m p o r t a n t  s i m p l i f i c a t i o n  in 
t h e  o v e r a l l  t 8 r k  e x e c u t i o n  m o n i t o r i n g  a c t i v i t y  i n  t h e  t e l e r o b o t .  Th8t  ir. t h e  r u b m y r t r r  8t 
t h e  comm8nding l e v e l  is r e l i e v e d  f r o 8  t h e  mundane r u p e r v i s i o n  of command rxmcUtiOn rt the 
l o v e r  l e v e l r .  and  i r  i n r t e 8 d  frw t o  f o c u s  on  m o n i t o r i n g  and 8 n t i c i p a t i n g  .uller (and 
f i n i t . )  number of c r u c i m l  e v e n t r .  

Tmken t o g e t h e r ,  8 , t r u s t e d  mold ier  p r i n c i p l e ,  121 may be fOrlUl8tRd.  According t o  t h i r  
p r i n c i p l e  t h e  o v e r a l l  p r o c e r r - l e v e l  d e c i r i o n  .pace c a n  b e  f8ctoted i n t o  t w o  d i m t i n c t  
component=. One component ir rcted upon by t h e  RTC. w h i l e  t h e  o t h e r  fr t h e  role 
r r s p o n r i b i l i t y  of t h e  r e n s o r  and  servo rubmymte-r. 

On 8ny l e v e l  of h iermrchy,  Event C o n t r o l  r e q u i r e s  t h e  mapping f r o m  t h e  rprce of r-nmor 

( s j 7 ,  i = I . . M ~ K = ~ .  s S  n 

'sn 

e v e n t  r r q u e n c e r :  

t o  t h e  r p 8 c e  of r c t u r t i o n  e v e n t  8equencer  8 v 8 i l a b l e  for  t h i r  l e v e l :  

- { ~ ~ 7 .  i - 1 . . N K-1. 

where '1' is t h e  r u n n i n g  i n d e x  for t h e  r e q u e n c r r  8nd Sn r e p r e s e n t r  t h e  number of l o w e r  l e v e l  
m c t u 8 t i o n / r e a ~ o r  r u b r y s t e m r .  

While t h i s  f o r m a l i r m  c8n  b e  used t o  d e s c r i b e  8 t r 8 d i t i O n 8 1  r e r v o  r y s t c m  with digit81 
e lement=  i n  it. itr main 9081 ir t o  create m f i n i t e  p a r a w t e r i z a t i o n  of  r c t u r t i o n  8nd renmor 
e v e n t r  t h e r e f o r e  m8king error r u o v e r y  t h r o u g h  s e a r c h  p o r r i b l e .  

The O t r u s t d  s o l d i e r '  p r i n c i p l e  l e 8 d r  t o  8 u n i f i e d  command form8t. C o l l 8 n d r  to  a l o w e t  
l e v e l  r p e c i f y  goalr. c o n r t r r i n t r  on t h e  8llOW8blR v a y r  t o  re8Ch t h i r  goa l .  r p u i f i c a t i o n r  011 

when 8 c t i v i t y  s h o u l d  be r t o p p e d .  8nd report format8 8 .  well. 
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In our c a w  the comlunic8tion brtran the levelm of the w e n t  control mprce (OTC) rnd the 
continuum mprce (HCH 8nd SIP) im performed by r Primitive which i m  modellrd mm follovmr 

Primitive T - (P.H.f.R) 
vhrrer 

P - drmirrd trrjectory (pomition x force mprce) 
H - duirrd c h m m  of control hr 
F - drmirrd reflex prrdicmte (mtop function) 
R - duirrd event rrporting function 

The componentm P 8nd I! specify the phymiC8l lotion to be executed by the robot. l b  
componrnt F determiner thr terrin8tion of the mpecifid physic81 motion ria r menmar 
prrdic8te which vhen true triggerr the 8pproprimte reflex 8ction (typicrlly 8 rtop). Tbr 
component R determiner the menmor prrdicrter th8t genrrmtr the evrnt reportm to the RTC. 

The mpecificrtion of P 8nd I! deterrinrm the derirrd r p  from the mctu8tion m n t  rprce to 
thr continuum mrnmor/mctu8tion mpmce. The component R mpcifirr the m 8 p  from the men- 
mp8ce to the menror rvrnt rp8ce. The component F mpecifirm thr pruomputrd reflex rctianm 
th8t murt be t8ken by the HC1 8nd reprerent the 8lgrbr.i~ (mrwrylrmm) 8nd local component. 
of the duirion r8p th8t 8re to br rxuutrd vithin the f8rt drcirion ti- conrtrntr of tbe 
HCH rubmymtrr. W e  r8nt to emphrritr th8t the mtop function F is to be drfinrd before tbe 
.tart of the mctuml comm8nd execution. thrrefore ~lloving prrphnning for a l l  pommlble 
outcowr of T. 

Evrnt Control in the RTC 

The interfmce betvern the RTC 8nd the lovrr lrvel mubmymtrm 8doptm thr *trumtrd moldier' 
principle of oper8tion. Th8t im, thr lover lrvel 8ubrymtem h8r the full rerponmibility Of 
prrforming thr drmired comm8nd T. If T i m  unruccrrmful then thr rolr of the RTC i m  m o l e l l  
th8t of coordin8ting 8nd intrrprrting the vrrioum rrportm R (from 8 l l  of the rubmyrtemm) to 
detrrmine the next comr8nd T to be rent to one of the lovrr level 8Ubrymtemr. 

Glvrn thim wdr of oprr8tion. conmidrr the 8ctionm to W t8krn by the RTC on rrcrpti- 
of 8 comm8nd from the AIP or the oprr8tor. Thr command I8y be rventu8lly tr8nml8td 8ccordiag 
to one of the four folloving camr8: 

1. COWAND - -> (P,M,F.R) 

2. COWAND - -> (Pl,M1,F1,R1) 

- ->  (Pn,Mn,Fn.Rn) 

3 -  C0J"D ---> [(P~,M~.FI,R~) (P2,M2,P2.R2)-.--(P,,~,F,,R,)I 

4. COMMAND - -> 

[(Pll.Mll.P11,R11) (Pl2aM12rF12,R12) - - - - (PlmrMlm,FlnrRlm)l 
[(Pql,Mnl,Fn1,Rnl) (P,2,Ir(,2,Fn2,Rn2)-.-.(Pnm.W,,F,,R,)l 

Care 1 corrrrpondr to 8 mingle pormible primitive T c8lbeit p8r8mrtrriZcd) th8t C8n br *rat 
to thr lovrr levrl rubmymtrm. An example can be 8 cOml8nd to 1ove mn arm to 8 given joint 
position uming givrn joint intrrpohtion. 

C8me 2 corrrmpondm to thr c8me rhrrr onr of m8ny prlmitiver T m8y be 8ent to the l o r n  
lrvel mubmymtrm. A comm8nd th8t 8 F i f i r O  end pornition. but not thr mprcific tr8jutory to br 
selutrd by the RTC, can be umrd am 8n rx8mple here. 

C 1 8 r  3 corrrmpondm to the a r e  vherr 8 requence of primitivrr T i 8  nrcrm88ry for procrn- 
lrvel comm8nd execution. and c8me 4 dr8lm with the mitu8tion vhere more th8n one mequence ia 
8V8118ble. 

Since Only onr command c8n br mend to 8 lover l r w l  8t 8 tiu. thr 8wbiguity th8t *Xlrtr 
in thr c8rrm 2 8nd 4 wumt be rrloved. There 8re 8evrr.l pomriblr v8ym to do it. A *had 
rulr. 8pprO8Ch 8mmu-em an rxlmtence of an implicit 8 g r w u n t  betrren the commmnding rubmyatem 
8nd the RTC on how 8 minglr fourplrt mhould W chown. for rx8mplr it m8y be 8 8 m U u d  th8t 8 
8tr8ight linr intrrpolation mhould be mlrmym umed. In thim came there 8rr no rem1 
differrncrm betrwn c 8 m  1 8nd 2. On the other h8nd 8 *.oft rule. vould 8llOW the RTC to 
r8nk 8 l l  c8ndid8ter 8nd 8t8rt exuution from the .brst. one. If it f8ihd. 8nd the .Ctim 
vrrr r*V*r8ibh, then 8nothrr C8ndid8tr could be tried. The RTC implrmrntm 8 mixed mpprorch. 
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It rankm porribiliti- intOtnally bemod on an RTC internal criteria: but after a choice i m  
u d r  and execution mtrrtd. the rule brcowr mhard.* and an -or i n  exeuticn vould rquilr 
the RTC t o  r-rt it back to the comrnding level vithout erploiting the rest of the optioru. 

Commandm to the RTC vhich rerult in k r r m  1 and 2 are c8lld Actionm. Cornmandm 
remalting in C800m 3 and 4 are callod Skill=.  S k i l l s  rmquire a mequence of m n t  control 
duimion u k i n g  prior t o  the inuanco of each lover lwel mubaystn primitive 7. In C a r  3 
the mmqueno of primitlvwm i m  conmtraind by the one porrible upping indicatul mmrlier. bot 
the nurricrl puawterlzation of the individual T i m  determinrd at run-tiw by the RTC. QI 
the other hand. C a u  4 811ovm the m i b i l i t y  that a diffetmt mquence of primiti- 
togethrr vith their individual parawteritation u y  bo m o l u t d  during the middle of the 
execution of a m p m z i f i c  mmquence. S i n u  the creation and rxrmtion of thim rmquence i m  

T. or the actual change of a mwquencr. g i m  the RTC the ability to prform -trining- t i . * . .  
error ruovery of Nbtamk command execution). Note that by virtue of this bfinition of 
trimming. ActiOM cannot k trimmed. 

dynamically determined by the RTC. the ability to change the p o r a ~ e r i z a t l o n  Of 8 ptimitivm 

UIing an analogy from control theory. the modulw that implewnt the ‘forvard loop’ 
operationm of Action melution or a nominal Skill -uence determination are incotpor8t.d 
into a Procnm k v e l  Planner, and the ‘fmdb8ck loop’ that analyzer eventm and determinm the 
need for trimming ir incorporated in nonitor. Predictor. Evaluator 8nd Trimvr moduhm. 
The feedback paradigm corremponding to thim w e n t  control rymtem i m  mhovn in Figure 3. 
It mhould k noted that tvo key ammumptionm govern the functionality and demign of theme 
modulem. It i m  ammumed that a nominal tamk rquence i m  knovn from off line analymim, and 
that in a c a m e  of ultimate failure. control can alvaym be murrendered to the Operator. 

For the %Cl¶ 8 particular implewntation of command companentm P.n and R i m  given by: 

P - a met of via point. in jointftamk mp8ce. or spline functionm. 
?I - pomition mode or compliant mode control. 
R - mtrndard report information returnd to the RTC after mtop (Or reflex actionm): 
joint pomitionm. forcrftorque menmorm readingm. and the reamon for end of exemtion. 

The choice of the mtop functionm met F i m  more complicated. It i m  clear that F mumt be 
complete in the menme that m o w  condition mumt be eventually trigger&. The triggering 
conditions aumt m h o  be unambiguoum. narly only one rtop function mhould be tri9g-d at 8 
tiw. Such a choice of the mtop functionm maker the number of pommible outcowm for each IICn 
command finite. 

The procemm level planning i a  bared on rriptm. This allorm the embedding of careful Off- 
line analyrim of the pommible outcomem. In the future an expert myatem can be i V l e D m t d  to 
m a k e  a choice of an approprimte trimming action. Another adV8ntige of mcriptm l i e m  in thmir 
ability to incorporate ad-hoc domain mpuific knowledge for planning of a nominal. fM- 
forward part of a m k i l l .  lor example an 8pproach pomition for a gramp can mlvaym be 
determined am a ret dimtance .ray from the grrmping point. Another mpm=ific fe8ture Of the 
current implementation i m  the eximtence of 8 command-object cromm table vhich provider for 
every action. a limt of pararterr n M e d  for nominal planning of thim Action for each knorn 
object. It can be filled off-line or, if appropriate modulem are avaihble. on-line upon 
demand. The modular nrtire of thim architecture allovm mymtem modification 8nd extenmion in 
an orderly faahion. 

Skill impleuntrtion includer tvo differ-nt phrrer: planning rnd execution. F i r r t  mn 
appropriate mcript employ- 8 gener8te. temt 8nd modify paradigm to u k e  a nominal requrnce of 
actionr. At the m a m e  time the uript provider a limt of pommible trimming actionm that can be 
employed to recover from the error- on the intermediate mtepm. Then the execution i m  
perfor-d according to the folloving loop: 

WHILE Action-Stack Not-Empty 

Bind Action Parameterm; 
Set-up Evaluation-context; 
Send Action to thr UCU: 
Wait for Report; 
EV8lU8te Report: 
if SUCCESS then 

e l m e  

loop: 

null; 

Determine trimming 
if ANY AVAILABLE then 

elae 

endif; 

put trim-action on Action-St8ck: 

Report-up(Fai1); 

endif ; 
endoo;,; 
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. .  

An rcturl example of 8 script to prrform o b j u t  grasping is shown In Figure 4. lumbrs 
miter each action refer to the trimming St8Ck 8srocirtd with tho grmsp script. 

5. Implelrotmtion 

The previous rrctions hrve d-ribed mmm of the techniqws u r d  to pwform Certmin 
desir8ble simplificrtions. much 8s upping 8 continuous probln space into 8 dimcretr -- 
low the structure and implemtrtion of t& Rtt rrchitecture will bo Ox8.lind. 

A s  b8ckground, the roftwmre implewntrtion of the RTC is on 8n 41 VAXst8tion 11. w r  
HicroVnS. The softw8re is written primarily in Ad.. with - portions in C 8nd Fort-. 
which 8re 8 C C U S d  with the Interf8co pr8gm8 Supplid b/ Ad.. A d 8  W 8 S  our ChOicI Of lmgcugl 
for the RTC deliver8ble moftwmre. but w e  prior- r8pid silul8tion m n d  prototyping of 
8lgorithn in Prolog. Lisp, Sullt8lk 8nd 8 locally-written d m l o p w n t  enwitoawnt c m l l d  
Threrd. Our choice of A d 8  for the delirer8bles W 8 S  & for w v e r 8 l  reuons. the lort 
obvious k i n g  thrt the RTC rill eVWltU8lly h8ve to comply with the 5p.W Strtion 8ll-ldr 
moftwmre r e q u i r e m t  mnywmy,. In 8ddition. the 8bility to e x p r e u  concurrent progr8r 
directly in the 1angumge without r-rting to oprating symtn interfa- W 8 S  rim 8 
derirrble fe8ture. Our strongesr re8ron. however. w 8 s  the a t r m l y  high rodUl8ritY Of .dr. 
8llowing #ver8l people to work on the s8mm d t w 8 r e  without diurtrous c o n ~ u m u e s .  fhis. 
coupled with the 8norwusly high level of compile-tiw error checking in Ad.. turns Out to 
hrve h n  8 true expectation. Our roftw~re production h8s been only 1-ly coordin8ted 
..long four different people. but it h8s r x p r i e n c d  no incompmtibility probl- 8nd hu 8 
history of phenolm8lly l o w  level8 of runti- errors. W e  believe th8t A d 8  is 8 good choice 
for our drliver8bln since they are of precisely the cmtwory of woftwmre A d 8  v u  designd to 
fit. n8mely distributd emkdded re8l-tiw systems. Y e  would u k e  the comwnt. however. t h t  
Ad8 iS not 8 good choice Of 18ngU8ge to prototype in. 

The telerobot w i l l  be used over the course of uverrl years for u n y  purposes. including 8s 

grasp m t r a t ~ i e s )  level roboticr 8lgOtithW. 8s well 8s for the targeted dewnstr8tiop 
scenarios. For this reason. the rrchitecture of the RTC must h8rr the character w r e  of 8 
developwnt environment r8ther th8n of 8 finished product. The 8bility to ruonfigur- the 
telerobot to perform servicing t8sks on srtellitem other th8n the one trrgeted for testing iS 
one of the obvious requirements. It is our opinion. howwer, th8t the m8ny COWleX 
intermctions which can t8ke place during various typms of robot oprrtions. even in much 8 
structured situ8tion 8s the servicing of 8 d u h r  s8tellite. w o u l d  88kr it likely that mP 
state-of-the-art robotics 81gOrit.h-8 would be far too rigid to mmet all n w r .  To insure 
sufficient flexibility, one must not only provide as much as porsible in the -8y of Current 
robotics 8lgOtithU. but also provide the ability to complrtely ch8nge how. when and which 
rlgorithu 8re 8ppli-d. 

8 testbed in which to invertiglte both 10- (e.0. f M b 8 C k  COnttOl l8-S) 8nd W d i U l  (*.e-. 

The 8bility to do such genet81 restructuring within 8 pr8ctic81 roboticr impleWnt8tiOn b8S 
very 18rge softw8re consequences since the 8ddition of 8 prrticuhr 8lgOrithl to the mix wd 
in the robot might require br8nd nev d8ta representrtionr to m c c o m d m t e  new information 
relev8nt to previously unmodeled properties of objects. 8nd the addition of the new 8lQOrithm 
could very re11 require completely redesigning the str8tegiu used for 8pplying V8rloum 
currently-used 8lgorithms. An example might be the 8ddition of 8 ner grasp planner rodule. 
rhich might require t h 8 t  more dat8 concerning each o b J u t  to be grasped be 1nst8lled in the 
dat8 b8se and th8t the previously used strategy for rtrble grasp position determinrtion be 
dirrb led  or rodifid.  

In order to support such 8 high degree of flexibility, the structure of the 
DrChiteCtUre ir th8t of framework in rhich robotic8 algorithu c8n be inrtalled. rmther 
th8n 8 p8rticular mix Of 8lgorithmr. The RTC consist8 Of “der81 w d u l e s  with 8 very rouph 
degree of function8lity assigned to e8ck type of module. but the apecific inputs. outputs and 
det8ilS of oper8tion which e8Ch modulR performr are controlled by reconfigurable drt8 seta 
supplied to e8Ch module. The rough p8rtitloning mentioned 8bove is relrtively m i l p h  and 1s 
8n 8d-hoc solution to the question of how to slice up the problem of processing the c o m u n d s  
received by the RTC. One importrnt Ch8r8CterimtiC. n 8 w l y  the 8bility for the RTC to aCCll)t 
commrnds in p8r8llel. h8d 8 major role in #luting the problem ~wpmrmtion. 

The RTC IS required to be able to perform more th8n one comund aimult8nwumly. 8SSUm2np 
thrt they do not conflict with e8ch other. The trsk of m8n8ging 8ccess to r8rious shrr8ble. 
nOn-Sh8re8ble 8nd queue-b8sed resoarcem is fairly 8tr8iQhtforw8rd in the context of the 
telerobot. due to the f8ct th8t the autonomous system m8y be interrupted by the Opmr8tOr 8t 
8ny tau. This I8kRS it virtually impomsible to perform rny t i r - u h d u l i n g  of rewurces. DO 

the rimple re8triction is m8de thrt 811 comunds must be independent of e8ch other with 
respw2t to t i w  shifts. This removes the nuessity of performing the m8ny complex Sort* of 
resource allocation 8nd activity CoOrdin8tiOn which would otherrime be requird b r t w m  
comm8nds. Thir rertriction is not 8s crippling 8s it 8 ~ 1 8 .  however. since there is no role 
which 8t8t.O th8t 8 single comm8nd can use only one resource. In fact. if 8 complex 
cooper8tive t8sk involving two arms 8nd 8 vinion system is desired. it would mimply n H d  to 
be fOrmUlSted 8s 8 single commmnd so that the coordin8tlon operations nuerrnary could take 
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p l 8 a  within the f r r w m r k  of one torund. witbout rrquiring ptoprg8tion to otbwr 8CtiVitiSD. 
Thir independence rlro srertly rirplifiem the tark of managing rem- to -poet& errs 
oonditiaar. rioco a l l  that ir nrurrrry im 8 rimple terrinrtia of the c a r o d .  or of m l l  
currently exuuting -ndr if t k  error im 8 glOb.1 ow. ~g.10. thir rirple bohrviar ir 
not rcntrictivo. mince any mort of complex error r- CIO k produced. if brirod. rirpli 

including it 80 an expoet& porrible off-norinrl riturtiaa io 8 corund. Obwiourly, t h r m  
im 8 gre8t de81 of pomoible interlction betreen robot rctioor io the -1 world. ul 
forrubting tvo corm- in much 8 ynner u to k truly tir-shift invrrimnt might k rrrl 
difficult in may given rituation. but thir ir m t  r w l l y  ma irrur. If tho two -8tionr u w  
uauoonocted. they can rimply k dome in wries. iorrulmtrd am t w  ~mparmte N- If tb8v 
mot k done coopormtiwly. t m  can be iorrulrtmd u one cvmnnd. f& pmrforuoce of 
dependent opor8tionr in prrrllel could 8 i d  offici-. but ir not 8 b y  rrqui-t. 

With the 8bOw prrf-. t b  8 d - m  d-itir.4 of the RTC'r proorrtog Of CO- 
followr. 

C o m n d  Pmrring 
An Ancoming caclund from t k  bigbor-lewl myrtem ir first c o n w e r t m d  into mow 

intern81 rorklng d8t8 otructure u m d  by the other modulrrz thir m l l a  -piing 
internal operationm from external intorimeem. 

Script Ehbor8tion 
The comund ir then mxrrined. 8nd 8 rpecific Hquence of rctivitier ir d r c i d d  upon 

to r r u u t e  it. together vith rprcific porribi1iti.r for rupnrer to aff-oominrl 
rventr during exuution. An eX8lpAe of thir would k a grarp command. far vhlch 8 
.Irquence of t h r w  rtr8ight-line llotionr follovrd by 8 c l m r e  of the grippr W 8 I  

decided upon. vith the off-nominal kh8vior of bmcking up to the Dt8rtf- point 8nd 
rimply rrprting the entire motion if the grmrp d m  not N C C ~  on the firrt try- 
Thir q u e n c e  ir rpmzific in the number 8nd typo ai w t i o n  primitivee to be exuutrd. 
but no d e t 8 i h  8re premrnt yet 81 to which trmjutory ir to bo umed or wh8tthe point 
of grarp on the o b j u t  ir to be. 

Action Binding 
An elewntml wtion/wnring primitive in the wquencr is then further ptWrd. 

in ordrr to determine the pruire numeric81 parawterm for itr rx-tian. this 
primitive ir then rent to the mpproprirte rubmyrtem. which rrrpondr witb o e  Or more 
rrportr b8ck to the RTC providing progrerr/rerult inform8tion 8boUt t& cOmm8nd'r 
rxrcut ion. 

Rrport An8lymir 
The returned reporttr) 8rr ex8rind. 8nd 8 dmterrin8tion ir I8de whether to 

continur execution. 8bOrt or t8ke r o w  off-norin81 corrutive 8CtiOnr 8uch 8 m  the 
rrtry option mrntioned 8bovr. :f the deirion i m  u d e  to continue. the p m i O U r  rt*P 
ir  then repe8ted for thr nrxt primitive in the reqwncr. follow& by thir one, Until 
8 l l  primitivrr in the rrqurncr h8ve h n  exuutrd. 

The ovrrall rrchitrcturr of thr RTC ir one ir.  which e8ch of the rtepr Outlined 8boV- hu 
m n  8mmignrd to one typr of modulr. with e8ch Corm8nd thur being procerrd b7 one Of t h e a  
four typrr of module= at any onr tiw. Hultiple d u l o m  exrcutr in ~ r m l l e l  m d  comruniCaU 
by w m m a g e  p8rring in 8 vrry mimplr wmy. N w  inrtancem of e8ch P d u l r  c8a b cre8t-d Y 
n r z d r d  to procrrr prrallrl cormandr mince e8Ch d u l r  i m  rirply a workrr which is dimpat- 
vith 8 job to do 8nd then rrturnm with rn result. with no perunent w w r 7  of itr own .d 
(with .I mingle exception) no ride-effutr. A 1 1  inforimtion rrlev8nt to the pt#*mring .ad 
exuution of the coim8nd im cont8inrd in the inputr 8nd outputr to e8ch lodule. with tlr 
excrption of mpati8~/gromrtrie information .bout the rt8te of the world, which ir COnt.iard 
in 8 glob81 d8t8b8Se. This d8tab8me can k re8d by 8ny d u l e .  but Only the 80dUle 8rriQnrd 
to 8nalyzr thr report. returned from an exuuting mubmyrtem h8S the 8uthority to vritr to it. 
thur upd8ting the inform8tion in thr d8t8b.w with the d8t8 returned bt the O X U U t i 4  
rubryrtri. Thir is thr minplr mid--effut present in the rruution of 8W rodule. -hid 
rrwvem thr porribility of writr contrntion 8nd other much coordinmtion prob1.u. 

Thp W C  ir thur -8dO up of zero or more copirr of e8ch of the four co.und-procerolag 
lodulrm. togcthrr with mevrr.1 addition81 modules which perform vmriour rrrmtial function=: 

An Interfrce krver. which w r v e m  8r  8 communic8tion port to the other mubryrteu 
in the telrrobot. 

A h i m i o n  Unit. which i r  the central dirpatcher/coordin8tor for the RTC. Thir ir 
Simply 8 finite rt8te m8Chinr. with the four-ph8w comund procuring kb8WiOr built 
xnto it. 81ong with the termin8te comund-on-error 8nd r m u r c r - u n 8 g r w n t  brh8ViOrr- 
In the norin81 C 8 n .  it mirply f d r  the input command into rUCCe+riWe lodulem. 
proprg8ting onr module's output to the ruxt dule'r input. with 8inor rxceptionr. 
In 8nOmalOUr mitULtionr. it rimply t8k-r Hver.1 otr8ightforw8rd 8trPS to iMUre that 
the executing rubryrtru and intrrn.1 d u l u  vorking on th8t comund 8rr mhut down 
8nd u n d m  8 rrport of thr halt b8ck to the highrr levrl s y r t n  colundisg the RTC. 
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h m -  of tbo rlrpllcity of the Dodrion U n i t  t m  rimplm dreirloa t-), it W m  
only very rbort pmriod of t l r  to  rrm MY 04.ra i- to am rrrat. mucb u 

mpproprlmte module. mlr mllovr very rmpld rrrpoar, to -loa onditionm. mucb u 
command from the tr1mbot.r humon o p r r m t o r  to mtop oxrmtlag. fh, D.cidOa U n i t  

-111 mlrort cortminly bo idle within f w  m i l l i m m c a d r  of r.alvlag tbo -r_. rad 
can thrn procrrr it. m n d  u n d  out muRoystem balt p r l m i t i m  vm-y rmpldly. giriag only 
f w  tmr of millincondm of delmy Mwnn tbo oporatoror carrading tbo I b o l t  m a d  

the m r m  Ktumtion rubmystem bmltlng urn lation. 

M 1lKalag m n m m g r .  FOr e C e .  It Dirply M S  out the 1- drtr to 

Cauad P m r r r  modules. a m  u n y  u madd.  which c o n w t  the laput to on iaternml 
working fotr. It rhould k explain& t h m t  osbo W i r m b l e  femture of tbm telerobot ir 
to lwt tlu opmrmtor intervene in execution m t  mny lwrl of the corund b l r r d y  iro- 
AI trotiwity plmnning interfmce) d o m  to d o t m l h d  m r m  W t l O M  (tel-t.tloa1. 10 the 
RTC'r corund lnputr mre m l r o  of huun-nuable form. The corwnd input f t a  the 
higher 1-1 lr thus in the form of mn -11 string with fmirly remd8ble ooetmt. 
From the RTC vlrwpoint then. there ir no dimtinttion rrde W w -  the b u w a  oprrmtor 
mnd the AI planner. 

Script Elmborator modulee. m r  u n y  a m  M e d .  which d u i d e  on the Lwrlc n l p t  t o  
follow for executing the command. In cmmom where parawtor for M euller 
primitive mction murt k determin- by uring pruiw rmlue for a prrmlrter to mn 
mction to be executed lmter. (e. 9.. p r u i r  grmmp point w y  k ne&& to brcltrmck 

trmjutory to the current po8itiOn of the m r m )  then determlnmtion of t h e w  
nuwricml pmrmwterr ir mho p e r f o r d  mt thio phma. mnd the i e - m l l d  prrmwtrrr mre 
inrerted into the primitive before it ir a n t  to the next phmae. Thlr pe-itr the 
uoe of bmcktrmcking mm plmnning tuhnique if desired. mlong with may other 
technique which requirem noncmumml determinmtion of rpmzific prrmwterr for 
mct ionr. 

Action Binder module.. m r  mmny m r  needed. which determine the precia nUlrriCm1 
v m l u u  needed for each rubryrtem primitive to be rmt out for exeCUtiOn. f)u * c t i e t b  
Binder would bo invoked once for emch primitive in the mcript. whether thr primitive. 
w m r  a nominml mction or rerponre to m o a  plmnned-for off-nominml conditloa. The 
rtepwime invocmtion of the Action Binder 81lOWB the u a  of pmrmrterr detmlaed mt 
one point of the execution of the commmnd during run-time to k uoed m t  l m t r t  point- 
in very rimple fmrhion. A l s o .  mm drreribd m b o v r .  a pmrmwter for an 8ctlon 
primitive mmy be mlremdy fixed when it mrrivem in mn Action Binder. which r i l l  not 
dirrupt the normml opormtion of the module. 

Anmlyrir Unit module*. mm mmny m r  n d e d .  which exmmine the reportr returned by the 
executing rubBymteU. updmte the globml gwmetric/mpatiml dmtmbmw mccordlagly. mnd 
determine the recommended courme of mction to be followed. which would k to continue 
normmlly. mbort. or tmke mpuific f o r e m n  corrective mction. Thir r-rmdmtion 
ir then rent to the Dmzirion Unit. which may choore to follow it. if owermll 
execution ir normml. or mmy ignore it mod choose to terminmte the conand. if for 
exmmple the AI hmr sent hmlt inrtruction to the RTC during the execution of the 
commmnd. The key point concerning the AU moduln ir thmt they oprrmte mtirrly on 
commmnd-relmted inforution. mnd do not tmke into mccount mach thingr u globml 
mnommlier. but opermte m r  m wmorylemm mingle-input mingle-output ryrtem. Tbe input 
im the commmnd context together with the report Dent back by th8 rubmyrtn. m a d  the 
output ir the r u o m m d m t i o n  for mction. TR8 Decimion Unit w o r r l u  mbout 
Coordinating any overall brhrvfor which c r o m m  eo-nd boundrriu. 

A Dat8bmre Server module. which rimply khmver m r  a rhmred-wwry mrem for the 
other rodulu. Any given locmtion in it c8n be written to by only one AU m t  mny 
given time. mnd there mre varioum vmlidity flmgr to indicmte whether or not other 
modulem mhould b allowed to remd mny given piece of informmtion. 

In mddition to theme wduler, which form the bmric configurmtion of tho PTC m r  
mhovn in figure 5, there mre mrverml otherr which will not be drtmiled. but vhich 
exirt brcmure of the r w u i r e w n t  thmt the RTC'r gwrrtric dmtmbma k a a m i b l r  t o  
mny mubmyrtem in the telerobot. to mct u central rrporitory. Also. there ir the 
rrqvirrmrnt that the A I  planner. in order to perform itm pimnning. mmy n u d  to ure 
backtracking wthodr. To mupport thir. the RTC contminr mn identical copy of the 
Com-mnd PmrHr/Script Elmborrtor/Action Binder m d u l u  which mre umed m r  a 
hypotherim-terting fmcility by the AI plmnner. The plmnner cmn mimulmte u much mm 
porrible of the execution of porrible RTC comund. without mctumlly c o m d i a g  mny 
rubryrtem mctivity, r o  8r to determine whether or not a pmrticulmr line of planning 
rill be found to be infe8mIbl~ m t  the nuwric level by the RTC. T h i m  f8cility allowr 
the fmirly md-hoc divimion in the plmnning m m d r  kt9-n the AI plmnner mnd the PTC to 
function roburtly in the pruence of couplingr k t w m  the rymbollc and nuwric 
levelr of robot mctivitiem. 
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Tbo prinry of tbo wdulu vhid v f o r r  m n d  p r w i n g  ir tbmt tboy v)  

llplrratd not u budvirmd ontitiom vbich opmrato 01) data. but Y drtr-drim 
.iOterpr-trn. vbich toke u in- a program.  u -11 u data. thir i~~lomsmtatim allow 
tlw m0du.l- to bo e u i l y  trcOaiigurmd to ua a nou algorithm if at all poomible. tar m%a~plo, 
ddiag a m algorithm m y  abmolutely rrquiro a complete reottucturing of tbm e i s g  my- 
.bra- of robotia coari&ratiau. but ouch - d u r i n g  vould pot bo - rilply 
boenumo of ooftvaro difficultiu. Thir fnturo allar t)rr dditios of w n y  typm af roboticr 

-rad 81- A I  tuhniquu to t b m  .1c if d a i r d  r i n a  tboro ir no rutriction at al l  on rhmt 
drta ir p m a d  ktv- tho modules. md only trivial rmmtrictionm on the order in which tbwv 
u a  inrabrd. It ir our h o p  thmt later wrrionr of t& Script El~borator vill ua AI-typo 
rruoaing t8ebniquem to produa tbo buic mcriptr for w e  during mcutioa. s n t b r r  than tbo 
opt-md-pmde/table lookup tocbniquo uoed now. Tbir rould giw tho ability to literafly 
-1- a nqwnce in the m n t  of .p orror. inrtemd of forcing error into mpocific 
M i p t m .  A h ,  a prdiction capmbility. upmble of utilizing c.tlwctatioa infotwtion ir 
mnmlyzlng tho a- data during execution. vould be a de8irable fnturo to 8dd to the 
Aaalpim Unit. The ability to - the independmcy M r i c t i o n  00 aprtatr -m rad 
- form coordination botvoon lar, thrn one co-nd w o u l d  rlr, bo urful in inau- 
officiuacy. All of th- i d e u  hrw boen exploxvd in a preliminary fambiar. rad moral 
fairly mtraightforvard implermtation altmrnativm have A found to a c b  of t)wr. 
indicating that the ability to mpecify rodule khavior a t  run tiu. rather than j u d  i t m  
input data. ir an extremely p o m f u l  feature of tho RTC. 

A feature of the RTC ir the f.ct that the w r o r ~ l ~ .  dispmtchrd-worker Iodple f o r u t  ir 
ideal for implementation on a maltiprocrrmor hardware uchituture. nodulem do not Wrf- 
any rignifiant nonlocal referen- (the exception ir databare ~ C C H I .  vhich M bo r0dUc-d 
by Dimply grouping read requutr into buncher. rather than l o t r  of individual r e d  trqu-r) 
and do not rmquire mny communiatim 8-g theuelver during exnution. A preliminuy d U d Y  
indicatu that converrion of the RTC to operate on a h m r c u k  wltiprocerror raald bo a Very 
mtraightforvard tamk. 

Another a ~ p e c t  0-f the RTC'r internal operation ir that it ir relatively rimplr to trmat tbo 
h u u n  operator am a rubmyrtem to bo commanded by the RTC. Thir allovr avorml m i r p l o  but 
effect%- molutionr t o  the mt-ly difficult p T o b h U  Of rp.cifying t o  tb0 aUtODOIOUI 
m y r t e m  what the intentionr and out- of human trlro~ration activity are. Fat example. if 
the operator intervener into autono- execution and pickr up an objut. there ir no fot 
the mutonomour myrtrm to examine arm trajmztorier and gripper force data to &tormino that 
the objut w a r  grarpd at all. or if it w a r  grarpd What the pomition of it in the QriPprr 
ir. Thir very rimple example rhwm hov difficult is the tark of sharing control Of U 
autonorour m y s t e m  with a human operator. One molution. which by nuesrity i y  9- 
deal of overhead and rertrictioa M the human operator. ir to s-ify intervention activitim 
to the telerobot in the ma- form a m  any other comund. vith the exception that tho 
performing mubmyrtem ir the oparator. This paradigm would u a n  that p m i r  nuwrieal 
paracrterr vould be left out of wmch rtep. but the norul sequence of rubmy- primitivrr 
would be urn& by the RTC. and l i k e r i a  the w u a l  rrquenco of RTC colundr would bo .Hnt Out 
by tho AI. and the oprator would f w e  the rertriction cf performing only that pottion Of the 
tark *-ifid by the primitive. An exploration of thim method of mtructurd -rat- 
intervmtion. vhieh im one candidate for the JPL tolerobot. ir given bmlov. 

If mn object could not be reliably grarpd by the autonowur s y r t e m ,  the ofmr8tOr could 
inmtruct the AI planner to 

sgramp Objut rith Right-arm via Oprrrtor-intervention.- 

Thir would rerult in the comund trickling down the hierarchy through t-be BTC and a 
aubmyrtem primitive to the operator appearing on the control conrole. fn thim -alplo. the 
first might be: 

-move Right-arm to-neighborhood-of Object-. 

The operator vould priori thir. in teleoperation mode. and indic8te that he var finirhui- 
The RTC vould then rend out the next primitive: 

-move Right-arm to-grarp-point-of Object-. 

The -rator would comply, rating the gripper on the object in a utimfactorl 
configuration so that when the gripper vam clomd. it rould gramp the object fi-17. vithoa 
svina the obleet . The RTC vould then k able. by performing kinrmatiu .ad g w w t r i c  
computationr. to knov what the gramp point reference f r a w  Lor the object W a r  .nd rould. 
therefore. k able to corrutly update the data h m m  am to the pomition of th8 object aft- 
it ham b n  grarped. The final primitive would bm ment by the RTC. directing the operator to 
c l o w  the  gripper. and the operatm'r r w p o n u  would confirm that the grasp took place u 
rxpocted. without dirturbing tho rprtial relationrhip r t  up. 

mir rcen8rio dewnmtratw the 8dditiOnd overhead impornod on the m a t o r  by the nU**mitT 
of maintaining the autonomous r y r t e m ' r  integrity. It im rrrential. hovever. t h m t  ww form 

219 



0 

a 

a 

of droag rmmtrictloa br p1- m tbr operator. , aOt d y  to  coord ina te  mCt%ritl w i t h  tbr 
mu- m y e n .  but to  prwabt opmrator dlrruptioa of the auto- m y s t e m  d# to b u m  
m r r l g h t .  It ir l i k e l y  t b m t  t)wr, w i l l  aoed to  b, m o r v  effort p u t  I n t o  -tisag tL 
8Y- @- f t o m  t)H oprrrtot t h M  Ant0 e OpOTab 
O f f d % ~ l ~  OII %tr Om. 

A n o t h e r  irW w blim to k af forommt importance I n  t h e  telerobot dms4n lr t h a t  Oi 
detntias af .noulow coaditioor i n  tho w o r l d .  Oven i n  rvch a highly idmtlfled e n v l r o n r r s t  
u r t m l l i t e  r r r t r l c ing .  It im crucial t h a t  mmnmor f-k k employ& u of- u por r lbh  
a U to  ptmnt m y  camde af e r r a r m  forvud through t!m execution of a wrvitiag tark. It 

propmgatioo I n  itr a c t l v l t l m  within t h e  near fu tu ru .  Such propgation mumt br elllinatwd 
if t h e  rutonomour myrtem lr n o t  to brcor, comple t r ly  confumwd. v l t h  u j o r  prtlonr of ita 
w o r l d  lodrl Inva l id .  which lr a c a p l e t r l y  unaccrptmble r l t u r t l o n  w i n g  t o  t h e  l a r g e  amount 
of tlw and effort which would l i k e l y  k r.quirod i n  ordar t o  remtorr t h e  w o r l d  rodel to a - rkte (work rmkm). 

UJal%kmlT t h a t  m y  Af/rOboticr ~ u t o p a o u m  rymtem rill  k able to  n k e  allw- fOr 

The -1-t of much an architect- mu& a-ily - n i u  t h e  UiritmtlonD of 
current -mace and t = h n o l q y  I n  t h i r  -t uea. E s r l y  a r c h l t r c t r m  focUr a 
i n t e g r a t l o g  t h m  procur-lrvd mutooorour f u a t t i a n m  i n t o  t b  oyrtem for rimple. l adependent ly  
controlled a m .  Dpmrrtor-Bmchinm cootdinrtioa l r  r-rlctmi t o  r i m p l e  trodd control 
uhemom. Later a r e h l t w c t u r e s  mupport more corplrx physlcml environ-tr (more .TY. redundant 
a r n ) .  u re11 a- more complicated f u m c t l o n a l l t y  much am coord ina ted  a r m  motion and trw 
r h r r r d  control. Concomitant w i t h  t h i r  I o c r e d  CoDplexIty and f u n c t l d t y  im tb. 
managomwnt of compl- computr t iona l  a r c h i t e c t u r n  and t h e  i n t r g r a t i o n  of rophirtlcatrd 
error r r c o m y  and p l ann ing  e h &  i n t o  t h e  r y s t n .  A t  t h e  p r e u n t  tlw. t h e  RTC Of t h e  3PL 
Tmlerobot horn W n  I m p l e m t r d  t o  contain tlu following a p r b l l l t i m m r  

C-nd P r r ~ e r  -- pmrrw rmcii r t r i n g s  f r o m  a rimplr EMF f o r m  i n t o  a ruord  data 
The BNF l anguage  I n  ume has m h l y  1- s t r u c t u r e  c o n t a i n i n g  r q u i v a l r n t  Information. 

t e rmina l  ~ p b ~ l ~ ,  S0 clawem. 

S c r i p t  E l a b o r r t o r  -- u- a rlmplr du2irioa tm to r p l l o  port ionr  of comund 
mequoncem t o g e t h e r  I n t o  a W e n t  r c r l p t .  t o g e t h e r  v i t h  off-nominal DCrIN- war 
t h e  a b i l i t y  to  back t r ack  f r o m  goal p o i n t  for  purpomer of t r a 3 e e t o r y  generatioo. 

A c t l ~  Binder -- porforn g e n e r a t i o n  of j o i n t / t r r k  r p r o  l i n e a r l y  l n m l r t d  
trajectorimm I n  a p l m c e w i r  f u h i o n .  u r i n g  k l n e u t i c  and 108d-C8rryIng wnmtraintr  Of 
t h e  n n i p u l a t o r  arw. t o g e t h e r  v l t h  c o l l i r i o n  detmctlon. t o  p lan  s m a l l  8r= motlOnr 
for grasp ing  purporer .  - Analyria U n i t  -- u u s  8 tmble-driven decir ion trm to e v a l u a t e  t h e  out- of a n  
ex reu t ion  8nd -kea r e c o r w n d r t i o n .  If t h e  r u o m w n d a t i o n  r w u i r -  m r r m c t i v e  
r c t iv i t i em.  t h e n  t h e  s c r i p t  t o  p o t f o r m  It l r  r imply  looked up  I n  a table. b r i n g  m n  
g e n e r 8 t d  by t h e  S c r i p t  Elaborator. 

6. Conc lwlon  

1, havm d - r i b d  a Run-Time Con t ro l  a r c h i t e c t u r e  for  t h e  JPL Telerobot 8nd d i rcummd 
rraociatd iaruem. T h i r  work Va8 perform a t  t h e  C a l i f o r n i r  I n r t i t u t e  of TechnolofJy, h t  
Propu l r ion  L8borr tory  under 8 c o n t r a c t  f r o m  t h e  Mation81 Aeronaut ics  and Space  A d m i n r t r a t l a a  

7. R m f r m r r r  

t l l  S.S. Album et al., -Hier8rChiC81 Con t ro l  for R o b o t  i n  Automated Factory.  ?roc. O f  13th 
I n t e r n a t i o n a l  S y a p o s i u i  on I n d u s t r i a l  R o b o t s .  Chicago. 1983. pp. 29-43. 

C21 A.Lokrbin. L K r e u t z  .Torardr 8 H i e r a r c h i c r l  R o b o t  Cont ro l  L8nguagr'. IEEE CS Yorkrhop 0 
L r n g u a g u  of AUtOD8tiOn. Augwt. 1986. Singapore.  
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Figure 5.  RTC Architect- 
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